Abstract: The first-and second-order temporal interference between two independent thermal and laser light beams is discussed by employing the superposition principle in Feynman's path integral theory. It is concluded that the first-order temporal interference pattern can not be observed by superposing thermal and laser light, while the second-order temporal interference pattern can be observed in the same condition. These predictions are experimentally verified by employing pseudothermal light to simulate thermal light. The conclusions and method in the paper can be generalized to any order interference of light or massive particles, which is helpful to understand the physics of interference. 
Introduction
Interference of light is essential to understand optical coherence theory [1] [2] [3] and superposition principle in quantum physics [4, 5] . Based on the conservation of energy, Dirac concluded that "Each photon then interferes only with itself. Interference between two different photons never occurs." This simple and famous statement is the key to understand the first-order interference of light in quantum physics, which triggers lots of discussions about its correctness [3, 6] . Mandel et al. experimentally verified that there is transient first-order interference pattern by superposing two independent lasers [7] . However, after further experiments [8] and careful thinking, they finally concluded that their experiments does not contradict Dirac's statement. The observed interference pattern is due to the detection of a photon "forces the photon into a superposition state in which it is partly in each beam. It is the two components of the state of one photon which interference, rather than two separate photons [3] ". Paul pointed out that the second part of Dirac's statement is not always correct by taking the second-and higher-order interference of light into consideration [6] . Dirac's statement is for the first-order interference of light. When considering the second-and higher-order interference of light, Dirac's statement should be generalized to that a multi-photon state of independent photons only interferes with itself and interference between two different multi-photon states never occurs [9] . From this point of view, Dirac's statement has not been disproved when considering the second-and higher-order interference. However, there are still different opinions about Dirac's statement in the optical community.
There is an alternative interpretation for the interference of light to avoid the discussions about Dirac's statement, which is the superposition principle in Feynman's path integral theory [5] . For instance, there are two different ways to trigger a photon detection event in the firstorder interference of two independent lasers [7] , which are emitted by the superposed two lasers, respectively. If these two different ways are indistinguishable, the probability distribution for the jth detected photon is given by [5] 
where A j1 ( r,t) and A j2 ( r,t) are the probability amplitudes of the detected photon at ( r,t) is emitted by laser one and two, respectively. It does not matter whether these two different amplitudes belong to one photon or different photons. What matters is the indistinguishability of these two different alternatives. If these different alternatives are indistinguishable, there is interference. Otherwise, there is no interference [5] . This principle is valid not only for the first-order interference, but also for the second-and higher-order interference. With the superposition principle in Feynman's path integral theory, one can not only avoid the discussions about Dirac's statement, but also get a unified interpretation for the interference of light.
The first-and second-order interference between two independent light beams has been studied extensively by employing different kinds of light sources, such as lasers [7, 8, [10] [11] [12] [13] [14] , thermal light sources [15] [16] [17] [18] [19] [20] [21] , and nonclassical light sources [3, 6, [22] [23] [24] . The interference between photons in different kinds of light seems more interesting and important to understand the coherence properties of light, such as the interference of photons emitted by laser and singlephoton sources [25] , laser and quantum down-converted light [26] , and laser and thermal light beams [27, 28] . Based on our recent studies about the second-order interference between thermal and laser light [27, 28] , we will study the first-and second-order temporal interference between thermal and laser light by employing the superposition principle in Feynman's path integral theory, hoping to understand coherence properties of thermal and laser light better. We also studied the second-order temporal interference between thermal and laser light beams when the polarizations of the superposed light beams are different.
The following parts are organized as follows. In Sect. 2, we will theoretically study the firstand second-order temporal interference between thermal and laser light based on the superposition principle in Feynman's path integral theory. The experiments are presented in Sect. 3 by employing pseudothermal light to simulate thermal light. The discussions and conclusions are in Sects. 4 and 5, respectively.
Theory
We will employ the scheme in Fig. 1 for the calculations of the first-and second-order interference between thermal and laser light. Two independent thermal and laser light beams are incident to the two adjacent input ports of a 1:1 non-polarized beam splitter (BS), respectively. S T and S L are point thermal and laser light sources, respectively. D 1 and D 2 are two single photon detectors. The distance between the source and detection planes are all equal. C and CC are single-photon count and two-photon coincidence count detection systems, respectively. For simplicity, the polarizations and intensities of these two light beams are assumed to be the same. The mean frequencies of light emitted by S L and S T are ω L and ω T , respectively. In the first-order interference between thermal and laser light beams shown in Fig. 1(a) , there are two different alternatives to trigger a photon detection event at D 1 . One is the detected photon is emitted by S L . The other one is the detected photon is emitted by S T . Although the frequencies of the photons emitted by S L and S T are different, these two different alternatives are indistinguishable if the time measurement uncertainty of the detection system is less than 1/|ω L − ω T | [28] (and references therein). The probability distribution for the jth detected photon is given by [5] 
where ϕ L j and ϕ T j are the initial phases of the jth detected photon emitted by S L and S T , respectively. K L1 ( r,t) and K T 1 ( r,t) are the Feynman's photon propagators from the S L and S T to D 1 at ( r,t), respectively. The extra phase π/2 is due to the photon reflected by the beam splitter will gain an extra phase comparing to the transmitted one [29] . The magnitudes of these two amplitudes in Eq. (2) are equal is because the intensities of these two light beams are assumed to be identical. If the intensities are not equal, the magnitudes of these two amplitudes will be different. The first-order interference pattern is proportional to the final probability distribution, which is equal to the sum of all the detected single-photon probability distributions
where ... is ensemble average by taking all the detected single-photon distributions into consideration. Photons in thermal light are emitted by spontaneous emissions and the initial phases of photons in thermal light are random. Photons in laser light are emitted by stimulated emissions and the initial phases are identical within the coherence time [30] . Since the photons in thermal and laser light are independent, e i(ϕ L j −ϕ T j ) equals 0. Equation (3) can be simplified as
which is a constant. No first-order interference pattern can be observed.
In the second-order interference between thermal and laser light shown in Fig. 1(b) , there are four different cases to trigger a two-photon coincidence count. The first one is both photons are emitted by S T . The second one is both photons are emitted by S L . The third one is photon A is emitted by S T and photon B is emitted by S L . The fourth one is photon A is emitted by S L and photon B is emitted by S T . In the first case, there are two different alternatives to trigger a two-photon coincidence count, which are
A → D 1 is short for photon A goes to detector 1 (D 1 ) and other symbols are defined similarly. In the second case, both photons are emitted by laser source, S L . There should be two alternatives, too. However, there is only one alternative since these two alternatives are identical [28] . In the third case, there are two alternatives, which are A → D 1 , B → D 2 and A → D 2 , B → D 1 , respectively. The fourth case is similar as the third one. If all the seven different alternatives are indistinguishable, the jth detected two-photon probability distribution is [5, 28] 
Where ϕ T jA and ϕ T jB are the initial phases of photons A and B emitted by thermal source in the jth detected photon pair, respectively. ϕ L j is the initial phase of photon emitted by laser in the jth detected photon pair. K αβ is short for K α ( r β ,t β ), which means the Feynman's photon propagator from the light source S α to the detector β at ( r β ,t β ) (α = L and T, β = 1 and 2). The final two-photon probability distribution is the sum of all the detected two-photon probability distributions,
where ... is ensemble average by taking all the detected two-photon probability distributions into consideration. The four lines on the righthand side of Eq. (6) correspond to four different cases above, respectively. Since photons in thermal and laser light are independent, e iϕ T jA −ϕ T jB , e iϕ T jA −ϕ L j , and e iϕ T jB −ϕ L j all equal 0. Equation 6 can be simplified as
The first line on the righthand side of Eq. (7) is two-photon bunching of thermal light [31] . The second line corresponds to two-photon probability distribution of single-mode continuouswave laser light, which is a constant [1, 2] . The third and fourth lines are two-photon beating terms when two photons are emitted by two light sources, respectively. For a point light source, Feynman's photon propagator is [32] 
which is the same as Green function in classical optics [33] . k αβ and r αβ are the wave and position vectors of the photon emitted by S α and detected at D β , respectively. r αβ = |r αβ | is the distance between S α and D β . ω α and t β are the frequency and time for the photon that is emitted by S α and detected at D β , respectively (α = L and T , β = 1 and 2). We will concentrate on the first-and second-order temporal interference between thermal and laser light. Generalizing the discussions to the spatial part is straight forward. Substituting Eq. (8) into Eq. (6) and with similar calculations as the ones in Refs. [9, 13, 21, 27, 34] , it is straight forward to have onedimension temporal two-photon probability distribution as
Where paraxial and quasi-monochromatic approximations have been employed to simplify the calculations. The positions of D 1 and D 2 are the same in order to concentrate on the temporal part. sinc(x) equals sin x/x. ∆ω T is the frequency bandwidth of thermal light. ∆ω T L is the difference between the mean frequencies of thermal and laser light. When the mean frequencies of thermal and laser light are different, the second-order temporal beating can be observed as shown by the last term of Eq. (9).
Experiments
In the last section, we have calculated the first-and second-order temporal interference between thermal and laser light shown in Fig. 1(a) and (b), respectively. It is concluded that the firstorder interference pattern can not be observed, while the second-order interference pattern can be observed. In this section, we will employ experimental scheme in Fig. 2 , which is similar as our earlier experimental setup in Ref. [28] , We first measure the first-and second-order temporal interference patterns when the λ /2 wave plate, W, is removed. The observed first-and second-order interference patterns are shown in Fig. 3(a) and (b) , respectively. The dark counts of both detectors are less than 100 c/s. The single-photon counting rates of D 1 and D 2 are shown by the squares and circles in Fig. 3(a) , respectively. No first-order temporal interference pattern is observed by either D 1 or D 2 , which is consistent with the prediction of Eq. (4). In the same condition, the second-order temporal interference pattern is observed in Fig. 3(b) , which is consistent with the prediction of Eq. (9) . The reason why the background of the observed second-order temporal beating is flat is the second-order coherence time of pseudothermal light is much longer than the beating period. The second-order coherence time of pseudothermal light is measured to be 51 µs in our experiment. The beating period in Fig. 3(b) is 4.85 ns. Figure 4 We also measured the second-order temporal beating when the polarizations of thermal and laser light are different. The visibility of the second-order temporal beating is shown in Fig.  5 when the angle of W is varied. The observed maximum visibility is 35.12(±0.63)% when the polarizations of these two light beams are parallel. The observed minimum visibility is 1.88(±0.46)% when the polarizations of these two light beams are orthogonal, which approaches 0. The reasons why the visibility can not reach zero may be the polarization of the light beam is not 100% polarized in one direction and the polarizations of these two light beams are not strictly orthogonal in the measurement. 
Discussions
Although the first-and second-order interference of classical light can be interpreted by both quantum and classical theories [1, 2] , we employed one-photon and two-photon interference based on the superposition principle in Feynman's path integral theory. Not only because it is simple, but also it will give a unified interpretation for all order interference of classical and nonclassical light. In classical theory, the first-order interference of light is interpreted by the superposition principle of electromagnetic fields [33] . The second-and higher-order interference of light is interpreted by the intensity fluctuation correlations based on the firstorder interference of light [36, 37] . The first-order interference of light is the foundation of the second-and higher-order interference of light in classical theory. In quantum theory, the firstorder interference of light is interpreted by one-photon interference based on the superposition principle in quantum physics. The second-and higher-order interference is interpreted by multiphoton interference based on the same superposition principle in quantum physics. The first-, second-, and higher-order interference of light is interpreted by the same theory in a unified way [5] . Further more, the superposition principle in Feynman's path integral theory can be easily generalized to interpret all order interference of massive particles, such as electrons, neutrons, and atoms. The classical theory of interference of light, on the other hand, can not be generalized to the interference of massive particles or nonclassical light.
The superposition principle in Feynman's path integral theory is based on the indistinguishability of different alternatives [5] . The indistinguishability of alternatives is related, but not equivalent, to the indistinguishability of particles. For instance, there are two different situations for two photons in a Hong-Ou-Mandel (HOM) interferometer as shown in Fig. 6 . I 1 and I 2 are two input ports, respectively. F j is frequency filter that only let photon with frequency ω j passes ( j = 1 and 2). In Fig. 6(a) , D 1 and D 2 can only be triggered by photons A and B, respectively. For simplicity, we only consider the case that one photon comes from one input port, respectively. There are two different alternatives to trigger a two-photon coincidence count in Fig. 6(a) . The first one is photon A coming from I 1 is detected by D 1 and photon B coming from I 2 is detected by D 2 . The second one is photon A coming from I 2 is detected by D 1 and photon B coming from I 1 is detected by D 2 . Although photons A and B are distinguishable, these two different alternatives are indistinguishable if it is impossible to tell which photon comes from which input port. It is the reason why the beating between photons of different colors can be observed with ordinary detectors [38, 39] . In the scheme shown in Fig. 6(a) , the indistinguishability of alternatives is not equivalent to the indistinguishability of photons.
In the scheme shown in Fig. 6(b) , photons A and B come from I 1 and I 2 , respectively. There are no filters before detectors. There are two different ways to trigger a two-photon coincidence count, which are A → D 1 , B → D 2 and A → D 2 , B → D 1 , respectively. If these two photons are distinguishable for the detection system, these two alternatives are distinguishable. If these two photons are indistinguishable, these two different ways are indistinguishable, too. The indistinguishability of alternatives is equivalent to the indistinguishability of photons in the scheme shown in Fig. 6(b) . Our experimental setup is similar as the one in Fig. 6(b) except there are more than two alternatives to trigger a two-photon coincidence count. The second-order temporal beating between photons of different frequencies is observed as the ones in Figs. 3 and 4 . The reason why there are two-photon interference for photons of different frequencies is photons with different frequencies can be indistinguishable [28] (and references therein). These two different alternatives to trigger a two-photon coincidence count are indistinguishable and there is twophoton interference [5] . When the polarization of pseudothermal light is changed by rotating the λ /2 wave plate, the photons in these two light beams gradually become distinguishable. The visibility of the second-order temporal beating drops from 35.12(±0.63)% to nearly zero when the polarizations of pseudothermal and laser light change from parallel to orthogonal.
When the polarizations of the photons in these two light beams are orthogonal, although these photons are indistinguishable by frequencies, they are distinguishable by polarizations. These two different alternatives to trigger a two-photon coincidence count are distinguishable. There is no two-photon interference and no second-order interference pattern can be observed in this condition.
Conclusions
In conclusions, we have discussed the first-and second-order temporal interference between thermal and laser light based on the superposition principle in Feynman's path integral theory. It is concluded that the first-order interference pattern can not be observed by superposing thermal and laser light, while the second-order temporal beating can be observed in the same condition. These predictions are experimentally verified by employing pseudothermal light to simulate thermal light. The relationship between the indistinguishability of alternatives and the indistinguishability of photons is dependent on the employed experimental schemes. The conclusions in this paper can be generalized to the third-and higher-order interference of light. By changing the Feynman's propagators and superposition principle for fermions, the same method can be employed to calculate the first-, second-and higher-order interference of massive particles.
